Bone morphogenetic protein (BMP) signaling is critical for cerebellum development. However, the details of receptor regulatedSmad (R-Smad) and common partner Smad (Co-Smad, or Smad4) involvement are unclear. Here, we report that cerebellumspecific double conditional inactivation of Smad1 and Smad5 (Smad1/5) results in cerebellar hypoplasia, reduced granule cell numbers, and disorganized Purkinje neuron migration during embryonic development. However, single conditional inactivation of either Smad1 or Smad5 did not result in cerebellar abnormalities. Surprisingly, conditional inactivation of Smad4, which is considered to be the central mediator of canonical BMP-Smad signaling, resulted only in very mild cerebellar defects. Conditional inactivation of Smad1/5 led to developmental defects in the anterior rhombic lip (ARL), as shown by reduced cell proliferation and loss of Pax6 and Atoh1 expression. These defects subsequently caused the loss of the nuclear transitory zone and a region of the deep cerebellar nuclei. The normal maturation of the remaining granule cell precursors in the external granular layer (EGL) suggests Smad1/5 signaling is required for the specification process in ARL but not for the subsequent EGL development. Our results demonstrate functional redundancy for Smad1 and Smad5 but functional discrepancy between Smad1/5 and Smad4 during cerebellum development.
Bone morphogenetic protein (BMP) signaling is critical for cerebellum development. However, the details of receptor regulatedSmad (R-Smad) and common partner Smad (Co-Smad, or Smad4) involvement are unclear. Here, we report that cerebellumspecific double conditional inactivation of Smad1 and Smad5 (Smad1/5) results in cerebellar hypoplasia, reduced granule cell numbers, and disorganized Purkinje neuron migration during embryonic development. However, single conditional inactivation of either Smad1 or Smad5 did not result in cerebellar abnormalities. Surprisingly, conditional inactivation of Smad4, which is considered to be the central mediator of canonical BMP-Smad signaling, resulted only in very mild cerebellar defects. Conditional inactivation of Smad1/5 led to developmental defects in the anterior rhombic lip (ARL), as shown by reduced cell proliferation and loss of Pax6 and Atoh1 expression. These defects subsequently caused the loss of the nuclear transitory zone and a region of the deep cerebellar nuclei. The normal maturation of the remaining granule cell precursors in the external granular layer (EGL) suggests Smad1/5 signaling is required for the specification process in ARL but not for the subsequent EGL development. Our results demonstrate functional redundancy for Smad1 and Smad5 but functional discrepancy between Smad1/5 and Smad4 during cerebellum development.
T he cerebellum is important for fine tuning body movements and maintaining balance and posture (1, 2) . Cerebellar neuronal development involves lengthy and complex cellular events, including cell proliferation, specification, differentiation, and migration, that require precise genetic regulation (1, 3) . Any defects during these developmental processes can lead to various pathologies, including cerebellar hypoplasia or neoplasias (2, 4) . In mice, cerebellum development begins after the formation of the mid brain-hindbrain boundary, from which the two primary germinating zones of the cerebellum, the anterior rhombic lip (ARL) and the ventricular zone (VZ), arise (5) . Between embryonic day 11.5 (E11.5) and E13.5, the VZ produces different types of GABAergic neurons, including the Purkinje cells, which are responsible for the sole output of the cerebellar cortex (6, 7) . At similar time intervals, the neural progenitors in the ARL generate the nuclear transitory zone (NTZ) (8) (9) (10) . This population of cells later becomes part of the deep cerebellar nuclei (DCN), which are connected to Purkinje cells and are responsible for sending the final neuronal output from the cerebellum (10, 11) . At around E13.5, the ARL also starts to generate the granule cell precursors, which migrate tangentially along the cerebellar pial surface and form the external granular layer (EGL) (9, 12 ). The granule cell precursors then undergo proliferation and differentiation to generate the granule cell population in the developing cerebellum (13, 14) . The granule cells, together with Purkinje cells and DCN, eventually build the fundamental neural circuit of the cerebellar cortex (1, 15) . Thus, the specification program of progenitors in the ARL is critical for subsequent cerebellar functions. Although the lineage of the ARL is well characterized (10) , the molecular pathways controlling the specification program of the progenitors in the ARL are still unclear.
Bone morphogenetic proteins (BMPs) are members of the transforming growth factor ␤ superfamily that have been shown to play a crucial role in cerebellar granule cell development. In vitro experiments showed that BMP can induce the generation of cerebellar granule cells from nongranular cell lineages or embryonic stem cells (16) (17) (18) . Bmp6, Bmp7, and Gdf7 are the major contributing ligands that are expressed in the roof plate of the neural tube or adjacent tissues before the formation of the cerebellum primordium (18) . During cerebellum development, the ARL continues to express Bmp6 (19) , whereas the choroid plexus expresses Bmp6, Bmp7, and Gdf7 (20, 21) . Bmp7 can maintain the Atoh1 promoter activity that is important for granule cell specification (20) . In addition, Gdf7-null mutants develop abnormal cerebellar foliation (21) . Although Bmp3 is expressed in the cerebellar cortical transitory zone and Purkinje cells (22) , its in vivo function has not been characterized. BMP signals can transduce through Smad-dependent or Smad-independent pathways (23) (24) (25) , but the exact intracellular components of BMP signaling during cerebellar development are unclear. To confine our study, we focused here on canonical BMP signaling via Smad (here designated canonical BMP signaling [26] ). In canonical BMP signaling, BMP ligands bind to membrane-bound serine/threonine kinase type I and II receptors, which results in the activation of receptorregulated Smad proteins (R-Smads) through phosphorylation. Activated Smad1, -5, and -8 form complexes with common partner Smad (Co-Smad, or Smad4) and translocate into the nucleus, where they regulate the transcription of target genes (23) (24) (25) . Both R-Smads and Co-Smad are expressed in the embryonic cerebellum (27) . Bmpr1a and Bmpr1b encode the type I receptors for BMP signaling. Although Bmpr1a-Bmpr1b double conditional knockout in the cerebellum results in a severe cerebellar phenotype (28) , surprisingly, conditional inactivation of Smad4 in the mouse cerebellum by Nestin-Cre does not result in observable cerebellar granule cell abnormality (29) . Current dogma for canonical BMP signaling states that Smad4 is required for forming heterotrimers with R-Smads for R-Smad nuclear accumulation and transcriptional regulation of target genes (23) (24) (25) 30) . These discrepancies prompted us to investigate the role and use of RSmads and Smad4 during cerebellum development.
We utilized the Cre-loxP approach (31, 32) to inactivate Smad1, Smad5, and also Smad4 in the early embryonic cerebellum using conditional null (floxed) alleles of Smad1 (33), Smad5 (34) , and Smad4 (35) , together with an Engrailed1-Cre knock-in allele (En1
Cre/ϩ ) (36) , to circumvent the embryonic lethality caused by general knockout of these Smad genes (37) (38) (39) . Our data showed that conditional inactivation of either Smad1 or Smad5 alone in the cerebellum did not result in cerebellar abnormality. However, the Smad1/5 double-conditional-knockout mutants showed cerebellar hypoplasia, a reduced number of cerebellar granule cells, and the loss of some parts of the DCN. These defects resulted from abnormal specification of the ARL, which failed to generate the early granule cell precursors and the NTZ. Interestingly, the remaining granule cell precursors that formed in the EGL could undergo normal differentiation and maturation. Our results demonstrate that two R-Smads (Smad1 and Smad5) are required and function redundantly during cerebellum development. The severe Smad1/5 mutant cerebellar phenotype stands in sharp contrast to the conditional inactivation of Smad4, which resulted in very mild cerebellar abnormalities. These results suggest a Co-Smad-independent BMP signaling pathway for cerebellum development that is inconsistent with the current understanding of canonical BMP signaling (24, 25) .
MATERIALS AND METHODS
Generation and genotyping of conditional-knockout mice. The generation and genotyping of mice with conditional alleles of Smad1 floxed (Smad1 fx ) (33), Smad5 floxed (Smad5 fx ) (34) , and Smad4 floxed (Smad4 fx ) (35) have been described previously. The En1 Cre allele has been described previously for the study of cerebellum development (36, 40, 41) . The En1
Cre mouse line expresses the Cre recombinase in the mid-hindbrain region of the early neural tube from which the cerebellum is derived. Cre/ϩ allele as controls for the possible heterozygous null genotype effect of the En1 knock-in allele on the phenotypic analysis. Because the pedigrees have been maintained by intercross breeding, the background strain is a mixture of strains, including C57BL/6J, ICR, and 129/Sv. Tails or yolk sac tissues were collected for DNA extraction and subjected to PCR analysis for genotyping. The primers used for genotyping were as follows: for the Cre allele, Cre-F (5=-GGACATGTTCAGGGATC GCCAGGCG-3=) and Cre-R (5=-CGACGATGAAGCATGTTTAGCTG-3=; for the Smad1 allele, Smad1-F (5=-GTTCCCATTTGGTTCCAAGC-3=), Smad1-R (5=-GAGCTCTGCTCCGCCACTCA-3=), and Smad1-rec (5=-CACCTGTGCCCCCTCCAAGT-3=); for the Smad5 allele, Smad5-F (5=-GAGCGTCTTCCTTAGCTAATGTG-3=), Smad5-R (5=-CACTGGC AAAGCAGAGGTTCAGA-3=), and Smad5-rec (5=-AAAAATCAGCGCT CGACACG-3=); for the Smad4 allele, Smad4-F (5=-CTTTTATTTTCAGA TTCAGGGGTTC-3=), Smad4-rec (5=-AAAATGGGAAAACCAACGAG-3=), and Smad4-R (5=-TACAAGTGCTATGTCTTCAGCG-3=); for the Rap allele as an internal control, RAP-F (5=-AGGACTGGGTGGCTTCC AACTCCCAGACAC-3=) and RAP-R (5=-AGCTTCTCATTGCTGCGCG CCAGGTTCAGG-3=).
All animal procedures were conducted with the approval of the Animal Ethics Committee of the Chinese University of Hong Kong.
SDS-PAGE and Western blot analysis. E13.5 cerebella were dissected and placed in lysis buffer. After SDS-PAGE, Western blotting was performed using the Trans-Blot Turbo Transfer System (Bio-Rad). Standard immunodetection was performed to detect protein expression using the ECL detection system (GE Healthcare).
Histology, immunohistochemistry, and immunofluorescence. Embryos dissected from the uterus at different stages were washed in phosphate-buffered saline (PBS) at 4°C, followed by fixation in 4% paraformaldehyde in PBS (PFA-PBS) at 4°C overnight. The fixed tissues were incubated in 20% sucrose at 4°C for 6 h and 30% sucrose at 4°C overnight, embedded in OCT compound (Tissue-Tek; Pelco International, Redding, CA), and cryosectioned at 10 m. For paraffin embedding, fixed tissues were dehydrated, processed in paraffin, embedded using standard procedures, and sectioned at 5 m. For histological analyses, paraffin sections were stained with hematoxylin and eosin. For immunohistochemistry, deparaffinized sections were subjected to antigen retrieval by heating them in a microwave for 10 min in 10 mM sodium citrate buffer (pH 6.0) and subsequently incubating them in 3% hydrogen peroxide for 10 min. After blocking in 10% sheep serum in PBS at room temperature for 1 h, the sections were incubated with primary antibodies diluted in 10% sheep serum in PBS overnight at 4°C. Horseradish peroxidase (HRP)-conjugated antibodies were used as the secondary antibodies using standard immunohistochemistry procedures. After color development by incubation with 3,3=-diaminobenzidine (DAB), nuclei were counterstained with hematoxylin. For immunofluorescence, deparaffinized sections were blocked in 10% sheep serum, 1% bovine serum albumin (BSA), and 1% Triton X in Tris-buffered saline (TBS) (pH 7.6) at room temperature for 1 h. The sections were then incubated in primary antibody diluted in 10% sheep serum, 1% BSA, and 0.1% Triton X in TBS at 4°C overnight. After three washes with TBS, fluorescently labeled secondary antibodies were applied. After final washes with TBS, nuclei were counterstained by incubating the sections in Hoechst (Invitrogen) in TBS (1:1,000) for 10 min. The sections were finally mounted with glass coverslips using ProLong Gold antifade reagent (Invitrogen) after two TBS 10-min washes. Images were captured using a fluorescence microscope equipped with a chargecoupled device (CCD) camera (DP72; Olympus.).
Floating-section immunostaining. Sections (100 m) of freshly dissected tissues were generated using a vibratome (Leica). The sections were fixed in 4% PFA-PBS for 2 h and then blocked in 10% horse serum, 1% BSA, and 1% Triton X in TBS at 4°C over two nights. The sections were then incubated in the primary antibodies diluted in TBS containing 10% horse serum, 1% BSA, and 0.1% Triton X at 4°C for 2 days. After three washes in TBS, fluorescently labeled secondary antibodies were diluted in TBS containing 10% horse serum, 1% BSA, and 0.1% Triton X at 4°C for 2 days. After three washes in TBS, nuclei were counterstained by incubating sections in Hoechst (33342; 1:1,000; Invitrogen) in TBS for 8 min, followed by two washes in TBS for 10 min each. The sections were mounted with coverslips using ProLong Gold antifade reagent (P36930; Invitrogen). Images were captured using a confocal microscope (FV1000; Olympus). Confocal images of a single optical section (0.6 m) were acquired for each sample.
Quantitative analyses of proliferating and apoptotic cells. Quantitative analyses of proliferating cells and apoptotic cells were performed by counting 30 alternative 5-m paraffin sections from the medial region of the developing cerebellum. To quantify the proliferating cells within the ARL and the EGL, the total number of phospho-histone H3-immunoreactive cells was divided by the area with Pax6 immunoreactivity in the respective areas to calculate the mitotic index for comparison. In the case of apoptotic cells, the total number of cleaved-caspase 3-immunoreactive cells was divided by the area of the cerebellum. At least three animals were analyzed for each genotype. Statistical comparisons were tested for significance using a one-tailed Student's t test.
Quantitative analyses of the EGL. To quantify the EGLs of mutant and control animals, the length of coverage of the EGL on the cerebellar pial surface was measured on 12 consecutive 5-m paraffin sections from the medial region of E18.5 developing cerebella. EGL thickness was measured on five alternative 5-m paraffin sections from the medial region of E18.5 developing cerebella. Regional measurements of the EGL were determined by dividing the EGL into three regions, anterior, dorsal, and posterior, according to the anatomical positions. At least three animals were analyzed for each genotype. Statistical comparisons were tested for significance using a two-tailed Student's t test.
Section in situ hybridization. Ten-micrometer paraffin sections were hybridized with digoxigenin (DIG)-labeled RNA probes of Atoh1 (43) (provided by Jane E. Johnson) or Msx2 (44) synthesized, using a transcription kit (Roche), from linearized cDNA templates using T7 RNA polymerase (Promega) according to the manufacturer's protocol. In brief, the paraffin sections were dewaxed and hybridized with the DIG-labeled anti-sense RNA probe at 65°C overnight. After several washes, the sections were incubated with the alkaline phosphatase-conjugated anti-DIG antibody (Roche), and the expression signals were detected by standard alkaline phosphatase color development procedures.
Antibodies. The primary antibodies and dilutions used for immunostaining were as follows: rabbit anti-Brn2 (1:500; Santa Cruz sc-28594), rabbit anti-calbindin (1:250; Millipore AB1778), rabbit anti-DAB-1 (1: 100; Sigma D1569), rabbit anti-Lhx1 (1:200; Millipore AB3200), rabbit anti-Pax2 (1:500; Invitrogen 71-6000), rabbit anti-Pax6 (1:500; Millipore AB2237), mouse anti-phospho-histone H3 (1:100; Cell Signaling 9706), rabbit anti-phospho-Smad1/5 (1:50; Cell Signaling 9516), rabbit antiSmad4 (1:100; Millipore 04-1033), mouse anti-TAG1 (1:40; Hybridoma bank 4D7), rabbit anti-Tbr1 (1:150; Abcam ab31940), rabbit anti-Tbr2 (1:500; Millipore AB2283), mouse anti-TUJ1 (1:5,000; Covance MMS-435P), and rabbit anti-Zic1 (1:400; Rockland 7838).
For the secondary antibodies used for immunostaining, HRP-conjugated affinity-purified goat anti-rabbit IgG (Millipore AP132P) and HRPconjugated affinity-purified goat anti-mouse IgG (Millipore AP308P) were used at a dilution of 1:500. Alexa Fluor 488 -goat anti-mouse IgG (Invitrogen A11029), Alexa Fluor 568 -goat anti-mouse IgG (Invitrogen A11031), Alexa Fluor 488 -goat anti-rabbit IgG (Invitrogen A11034), and Alexa Fluor 568 -goat anti-rabbit IgG (Invitrogen A11036) were used at a dilution of 1:1,000.
The primary antibodies used for Western blotting were as follows: rabbit anti-phospho-Smad1/5 (1:1,000; Cell signaling 9516), rabbit antiphospho-Smad1/5/8 (1:1,000; Cell Signaling 9511), rabbit anti-Smad4 (1: 1,000; Abcam ab40759), and rabbit anti-beta actin (1:1,000; Cell Signaling 4967). The secondary antibodies used for Western blotting were ECL donkey anti-rabbit IgG and HRP-linked whole antibody (1:10,000; GE Healthcare NA934V).
RESULTS
Ablation of Smad1/5 and Smad4 in the mutant cerebella. To investigate the role and use of Smads during cerebellum development, a conditional-knockout approach using the Cre-loxP system (31, 32) was employed to circumvent the early lethality limitation of the Smad1, Smad5, and Smad4 knockout mice (35, (37) (38) (39) . We used the En1-driven Cre with strong activity in the mid-hindbrain boundary at early embryonic stages to ensure complete knockout of the targeted genes in the developing cerebellum (36, 45) . Smad1/5 En1-Cre and Smad4 En1-Cre mice are referred to as Smad1/5 mutants and Smad4 mutants, respectively. The controls are defined in Materials and Methods. To determine whether the Smad1, Smad5, and Smad4 floxed alleles were recombined in the mutant cerebella, DNA from control and mutant cerebella at E13.5 were isolated and subjected to PCR analysis. The data demonstrated complete Cre-mediated recombination of the Smad1, Smad5, and Smad4 floxed alleles in the mutant cerebella ( Fig. 1A and B) . Successful inactivation of the targeted Smad alleles was further supported by the loss of Smad proteins in the mutant E13.5 cerebella assessed by Western blot analysis (Fig. 1C) . In addition, immunofluorescent staining showed no expression of phospho-Smad1/5 and Smad4 in the ARL and the VZ of the Smad1/5 and Smad4 mutant E13.5 cerebella, respectively, upon Cre-mediated recombination (Fig. 1D to G Fig. 2A to D) , and both of these single conditional mutant mice were fertile with a normal life span. However, the double conditional inactivation of both Smad1 and Smad5 resulted in severe cerebellar hypoplasia with reduced foliation at E18.5 ( Fig. 2M and N) . The length of coverage and thickness of the EGL of the Smad1/5 mutants were reduced during embryonic development (E13.5 to E18.5) compared with controls at the corresponding stages (Fig. 2E, F, I , J, M, N, Q, and R). In addition, the NTZ was absent in the Smad1/5 mutant cerebella at E13.5 ( Fig. 2E and F) .
Interestingly, the Smad4 conditional mutants showed very mild cerebellar morphological abnormalities during embryonic development compared with the Smad1/5 double mutants. The EGL and NTZ were comparable between the Smad4 mutants and controls (Fig. 2G, H , K, L, O, and P). Histologically, no observable phenotype was detected in the Smad4 mutants except a mild reduction in cerebellum size and EGL area at E18.5 ( Fig. 2O , P, Q, and R).
Specification of the ARL progenitors requires Smad1/5 but not Smad4. To determine whether the morphological alterations in the EGL and NTZ of the Smad1/5 mutant cerebellum were due to defects in the specification program of the progenitor cells in the ARL, we examined the expression of two transcription factors, Pax6 and Atoh1, important for the ARL specification program (46, 47) . Pax6 and Atoh1 expression was detected by immunostaining and in situ hybridization, respectively. Both Pax6 and Atoh1 were not expressed in the ARL of the Smad1/5 mutants at E13.5 (Fig. 3A, B , A=, B=, E, and F), indicating that there were defects in the ARL specification program in the absence of canonical BMP Smad signaling. In contrast, Pax6 and Atoh1 were detected in the ARL of the Smad4 mutants (Fig. 3C, D, C= , D=, G, and H). We next investigated whether canonical BMP Smad signaling was activated in the ARL of the Smad4 mutants. The expression of a well-known BMP downstream target, Msx2, was examined (48, 49) . Msx2 expression similar to that of controls was detected in the ARL of the Smad4 mutant (Fig. 3K and L) , whereas there was loss of Msx2 expression in the Smad1/5 mutant ARL (Fig. 3I and J) .
To investigate whether the reduction of the granule cell population in the Smad1/5 mutants was caused by reduced cell proliferation in the ARL, immunostaining of phospho-histone H3 was performed. There was an approximately 60% reduction in phospho-histone H3-positive cells in the Smad1/5 mutant ARL at E13.5 compared with controls (P ϭ 0.0027) (Fig. 3M to O) . Cell death in the ARL was examined by immunostaining of cleaved caspase 3, a hallmark of apoptotic cells. There were only very few apoptotic cells in the ARLs of both the Smad1/5 mutants and controls. Thus, no increase in apoptosis was observed in the Smad1/5 mutant (data not shown). Smad1/5 and Smad4 are not required for the differentiation and maturation of granule cell precursors in the EGL. After their specification from the ARL, the development of cerebellar granule neurons involves many subsequent steps, including proliferation, differentiation, and maturation of granule cell precursors within the EGL (9, 13, 14, 50). We asked whether Smad1/5 and Smad4 are required for the differentiation and maturation of the granule cell precursors in the EGL of the cerebellum. We analyzed the expression of Pax6 and Atoh1, which are involved in early granule cell differentiation and EGL development (46, 47) . At E15.5 and E18.5, Pax6-and Atoh1-positive cell populations could be clearly detected in the EGL of the Smad1/5 mutants and Smad4 mutants (Fig. 4A to D, M to P, and Q to T). In addition, expression of Zic1, another marker of granule cells that plays an important role in granule cell development (28, 51) , was also detected in the EGLs of E15.5 and E18.5 Smad1/5 mutants and Smad4 mutants (Fig. 4E to H and I to L). Furthermore, the expression of TAG-1, a marker of granule cell maturation (13, 50) , was expressed normally in the E18.5 granule cells of the Smad1/5 mutants and Smad4 mutants (Fig. 4M= to P=) . To confirm that granule neurons were postmitotic, coimmunostaining of Pax6 and TUJ1 was performed to label granule neurons and postmitotic neurons, respectively (52) . Coexpression of Pax6 and TUJ1 was detected in the EGLs of Smad1/5 mutants and Smad4 mutants, indicating the normal maturation of granule cells ( Fig. 4M to P) . Because there was a severe reduction in the granule cell population in the Smad1/5 mutants, quantitative analysis of phospho-histone H3-positive cells was performed to detect if alterations in cell proliferation were occurring in the Smad1/5 mutant EGL at E18.5. No significant change in the number of phospho-histone H3-positive cells in the EGL at E18.5 were observed between the Smad1/5 mutants and controls (Fig. 4U to  W) . Altogether, these results suggest that Smad1/5 or Smad4 signaling is not required for the differentiation and maturation of granule cell precursors in the EGL during embryonic cerebellum development.
Impaired development of the nuclear transitory zone and deep cerebellar nuclei in the Smad1/5 mutant but not in the Smad4 mutant. Progenitor cells originating from the ARL contribute to the formation of the NTZ from E13.5, which then contribute to the DCN (8) (9) (10) . Because the specification program in the ARL was affected in the Smad1/5 mutant, we investigated whether there were any defects in NTZ and DCN development in the absence of Smad1/5 or Smad4 signaling. In addition to the histological studies on the loss of the NTZ observed in the Smad1/5 mutant cerebella (Fig. 2E and F) , immunostaining for Tbr1 and Tbr2, markers of the NTZ at E13.5 (9, 10), was performed. Loss of both Tbr1 and Tbr2 expression was observed in the Smad1/5 mutants at E13.5 (Fig. 5A, B, I , and J). Expression of Tbr1 at E15.5, which marks the downwardly migrating NTZ (10, 53) , was also lost in the Smad1/5 mutants compared with controls ( Fig. 5E and F) . Defects in NTZ development of the Smad1/5 mutants prompted us to investigate DCN development. The expression domain of Tbr1 in coronal cerebellar sections at E18.5, a molecular marker for the fastigial nuclei (FN) (10) , was lost in the Smad1/5 mutants compared to controls (Fig. 5M and N) . In addition, other subtypes of the DCN, including interpositus nuclei (IN) and dentate nuclei (DN), which arise from the ARL and ventricular zone, respectively, were investigated (10, 11) . We performed immunostaining for Brn2, which is a molecular marker of IN and DN (10) . Brn2 expression was absent in the IN but detected in the DN of the Smad1/5 mutant cerebella at E18.5 ( Fig. 5O  and P) . Together, these results suggest that Smad1/5 signaling is required for the neuronal specification program in the ARL but may not be required for the specification program in the ventricular zone. In contrast, normal expression of Tbr1 and Brn2 at E13.5 and Tbr1 at E15.5 was detected in the Smad4 mutants (Fig. 5C, D, G, H, K, and L) . These results further indicate that there are no detectable defects in the generation and migration of the NTZ in the Smad4 mutants.
Purkinje cell migration is affected in the Smad1/5 mutant cerebella. The Purkinje cell is another major neuronal type in the cerebellar cortex, and its migration depends on the reelin signal secreted by granule cells (54, 55) . To determine whether the inactivation of Smad1/5 in the cerebellum would affect Purkinje cell migration, immunostaining of calbindin, a marker of Purkinje cells in the cerebellum (6, 17) , was performed. Purkinje cells should migrate to the Purkinje cell plate just under the EGL during embryonic development; however, in the Smad1/5 double-mutant cerebellum, a large population of the Purkinje cells remained in the region near the ventricular zone (Fig. 6A to D) . On the other hand, ectopically located Purkinje cells were not detected in the Smad4 mutant (Fig. 6E to H) . The mislocated Purkinje cells in the Smad1/5 mutants could be due to defective migration caused by changes in the reelin signaling pathway. Therefore, we performed immunostaining for Dab-1, a downstream mediator of the reelin signaling pathway (56) . There was an obvious upregulation of Dab-1 in the Smad1/5 mutant cerebella, particularly in the Purkinje cells that remained near the ventricular zone ( Fig. 6I and J) . This suggests that the amount of secreted reelin in the Smad1/5 mutant cerebellum was reduced and, thus, Dab-1 expression was upregulated due to a feedback mechanism (56, 57) . In addition, the expression of Lhx1 and Pax2 was investigated to determine if there was a defect in the specification and differentiation of Purkinje and GABAergic neuronal cells, respectively, arising from the ventricular zone in the Smad1/5 mutants (6, 11, 58-60). Lhx1 and Pax2 expression levels were comparable between the Smad1/5 mutant and control cerebella at E13.5 and E18.5 ( Fig. 6K to N) . These results suggest that the specification and generation of neurons arising from the ventricular zone were not affected in the absence of Smad1/5 signaling.
DISCUSSION
In this study, we investigated the role and usage of R-Smads and Co-Smad in BMP-mediated cerebellum development using a genetic approach. Through the use of conditional inactivation of different R-Smads and the Co-Smad Smad4, we have shown that canonical BMP Smad signaling acts through both Smad1 and Smad5 in a functionally redundant manner during cerebellar development. This Smad1/5 signaling is important for the specification of neuronal progenitor cells within the ARL but is not required for the differentiation or maturation of cerebellar granule cell precursors in the EGL, as illustrated in Fig. 7 . Surprisingly, our data suggest that Smad4 is not essential for these processes.
Co-Smad independence of the canonical BMP Smad signaling during embryonic cerebellum development. We showed that Smad4 conditional-knockout mutant mice developed only a very mild cerebellar phenotype compared to that of the Smad1/5 mutants. The normal expression of Msx2 in the ARL of the Smad4 mutant clearly demonstrates that R-Smads are still functional in the absence of Co-Smad. Apparently, the R-Smad molecules ac-cumulate in the nucleus independently of Smad4 to regulate the transcription of target genes. These results challenge the current model of the canonical BMP Smad signaling, which considers Smad4 a requisite mediator of this pathway by forming an obligate heterotrimer with R-Smad (23) (24) (25) .
In fact, this Co-Smad independence is not restricted to nervous system development. Inactivation of Smad1/5 during lens development causes cell death, but inactivation of Smad4 does not (61) . In addition, Smad1/5 are essential for bone development (26) , but inactivation of Smad4 only results in mild bone defects (62) . Fur- thermore, initial heart specification requires R-Smad to induce Nkx2.5 expression (63, 64) ; however, Nkx2.5 expression is not abolished when Smad4 is inactivated (35) . This implies cell-or tissue-specific Co-Smad independence in canonical BMP signaling. Moreover, a similar phenomenon is found in Drosophila. Mutants for Mad (encoding the orthologue of mammalian R-Smad) have more severe defects than Medea (encoding the orthologue of mammalian Co-Smad) mutants (65) . These findings, together with our current results, contrast with the current perception that Co-Smad is essential for canonical BMP signaling. In the Drosophila Medea mutant, the regions of the wing imaginal disc that normally receive low Dpp signal are most severely affected (65, 66) . This suggests that Co-Smad dependence increases with a decrease in BMP signal. We propose that in some cellular processes that depend on low levels of BMP signaling, Co-Smad is essential for the R-Smads to maximize their full functions, probably by forming an obligate heterotrimer with R-Smads. However, in other cellular processes that have high levels of BMP signaling, abundant phosphorylated R-Smads can be formed. Under these conditions, R-Smads can still activate their downstream targets. In this situation, Co-Smad may be less important. Together, our study and previous findings add to the understanding of the role of R-and Co-Smad in BMP signaling. In contrast to our findings, a previous report showed abnormal cerebellum development and severe ARL specification defects when Smad4 was inactivated using the same En1-Cre mouse line as ours but with a different Smad4 conditional allele (27) . However, in another report using Nestin-Cre to delete Smad4 in the nervous system, there were only mild cerebellar phenotypes resembling those in our study (29) . These differences in phenotypes may be due to variation in the genetic backgrounds used in the different studies. Nevertheless, it is interesting to find that the dependency of Smad4, which was initially thought to be the central mediator of the canonical BMP signaling pathway (23) (24) (25) , could vary between different genetic backgrounds. Thus, our finding provides new insight into the role and use of Co-Smad in the BMP signaling pathway, which was previously based on various biochemical studies using different cell line models.
Smad1 and Smad5 are functionally redundant for cerebellum development. Although the involvement of BMP signaling in embryonic cerebellum development is known (16) (17) (18) , the role and use of R-Smad are unclear. Previous dissociated cell culture and organotypic culture assays suggested the involvement of Smad1 (67) and Smad5 (68) use, respectively. However, severe cerebellar defects were observed only in our Smad1/5 mutants, consistent with the results of Bmpr1a and Bmpr1b inactivation (28) . Hence, we suggest that both Smad1 and Smad5 indeed act in a functionally redundant manner during cerebellum development. In addition, this study provides further evidence to support the idea that functional redundancy between Smad1 and Smad5 may be a rather common phenomenon and is not restricted to bone development (26) , eye development (61), limb development (44) , and suppressing metastatic tumor development in gonads (69) but is also involved in the development of the central nervous system.
Although we have identified the R-Smads involved during cerebellar development, many details of the canonical BMP Smad signaling pathway remain unclear. The type II receptor and the coreceptor involved in this developmental process are not clearly identified (70) . WNT signaling and fibroblast growth factor (FGF) signaling can regulate R-Smad degradation through the phosphorylation of its linker region (71) . However, the details of the control of R-Smad degradation involved in cerebellum development remain unclear. More importantly, as we have demonstrated Co-Smad independence, the translocation of R-Smad into the nucleus may involve other proteins that are largely unknown (72) . Further investigation of the canonical BMP Smad signaling pathway involvement in the cerebellum ARL specification program may allow better understanding of the Co-Smad-independent signaling pathway.
Co-Smad-independent canonical BMP Smad signaling is specifically required for the specification program of progenitor cells within the anterior rhombic lip. To further understand the Co-Smad-independent canonical BMP Smad signaling, we precisely dissected the requirement for it in specific cellular processes.
We have shown that this signaling is essential for the specification of the progenitors in the ARL. In the absence of Smad1/5, the ARL at E13.5 has shown reduced cell proliferation and lacked expression of Pax6 and Atoh1, which are essential for the specification of ARL (46, 47) . The postmitotic NTZ originates from the ARL (8, 9, 12) , and as a result of Smad1/5 inactivation, the NTZ and two subsequent DCN subtypes derived from NTZ (FN and IN) are lost at E13.5 and E18.5, respectively, in the Smad1/5 double mutant. Our results also reiterate the genetic analyses of the Tbr1 knockout mice that have DCN morphogenesis defects (53, 73) .
On the other hand, our data show that Co-Smad-independent canonical BMP Smad signaling is important for the regulation of the granule cell precursor population derived from the ARL but is not essential for the generation of granule cells from the ARL. The reduced population of granule cell precursors in the EGL of the Smad1/5 mutant may be due to the defective specification program and reduced cell proliferation of the ARL in the absence of Smad1/5 signaling. Nevertheless, the remaining granule cell precursors that derived from the ARL can still proliferate within the EGL at the later stage, even in the absence of Smad1/5 signaling. Despite the reduced population of granule cell precursors in the EGL of the Smad1/5 mutants, the granule cell precursors undergo normal proliferation, early differentiation, and maturation. Taken together, there may be a distinct temporal and spatial re- Since En1-Cre is not specific to the cerebellum, other possible defects in glial cell generation in the midbrain (74) or the early neural tube specification (75) may occur in the Smad1/5 mutants. These events may secondarily affect cerebellar development. However, the ARL abnormality is very likely to be the primary cause of the cerebellar defects observed in the Smad1/5 mutants, as those defects are related to NTZ and EGL development.
Our data also provide further insights into the molecular regulation of granule cell development by Atoh1. BMP is known to regulate Atoh1 expression during cerebellar granule cell development (16, 18, 47) . We have shown that Atoh1 is not expressed in the Smad1/5 mutant ARL but is still expressed in the mutant EGL. Thus, Atoh1 expression in the embryonic EGL may either be independent of BMP signaling or depend on noncanonical BMP signaling. This implies the differential enhancer usage of Atoh1. Further investigations of the BMP regulation of Atoh1 expression in different cerebellar germinating zones may be required.
The Purkinje cell population is limited by the number of granule cells. Generation of GABAergic neurons and the specification process of the ventricular zone are not affected but Purkinje cell migration is disorganized in the Smad1/5 mutant. The migration defect is most probably caused by the reduction in granule cell numbers (55, 56) , which leads to a decreased amount of reelin molecule secreted (54) . This explains the upregulation of Dab-1 expression in those nonmigrating Purkinje cells and the variability in migration and alignment between different individual Purkinje cells in the Smad1/5 mutants. Therefore, precise regulation between the numbers of Purkinje cells and granule cells is essential for proper cerebellar development and function. Importantly, reduced granule cell numbers limit the number of functional Purkinje cells because the Purkinje cells generated cannot migrate properly when reelin signal is insufficient. As Purkinje cells send the sole output of the cerebellar cortex, its distribution and population are directly related to cerebellar function (1, 6) . Thus, this probably implies that during the evolution of cerebellar complexity among chordates (11) , increasing the number of granule cells or the production of reelin molecules is a critical step for the expansion of the Purkinje cell population and thus the size or complexity of the cerebellum.
